Modern ultraviolet (UV) cameras, when combined with UV-transmitting lenses/filter arrangements, can be used to detect radiation dose in air. Ionizing radiation excites nitrogen molecules in ambient air, the resulting decay includes weak emission of ultraviolet photons.
Radiation Induced Nitrogen Fluorescence
When radiation induces nitrogen fluorescence in air the strongest emissions are in the 337 nm, 357 nm, 316 nm, 391 nm and 380 nm bands of the ultraviolet. Figure 1 shows the wavelength and relative intensity of these lines corrected for the atmospheric conditions of Albuquerque, NM. This process is referred to as fluorescence, scintillation, or radioluminesence where roughly 17 photons are emitted per MeV of ionizing radiation deposited in the air. Compared to the roughly 38,000 photons/MeV scintillation yield of a traditional Thallium-doped Sodium-Iodide (NaI(Tl)) detector 4 , air proves to be a poor scintillator. However, being ever present and having an essentially infinite volume when compared with a traditional detector, this phenomenon can be exploited to detect the presence of ionizing radiation dose from a distance. The optical detection of radiation (ODR) could lead to wide-reaching improvements to the practice of detecting nuclear materials.
Unlike UV, visible, and IR light, ionizing radiation is attenuated in much shorter distances in air which makes direct remote sensing difficult. Even UV light travels orders of magnitude farther in air than alpha, beta, gamma, or neutron radiation. By detecting the emitted longer-wavelength light from the radiation dose to nitrogen molecules, sensors with the right optics, in theory, could observe sources from distances much farther than the best traditional direct-measurement systems.
The phenomenon of radiation-induced nitrogen fluorescence was first predicted by Edward Teller during the Manhattan project and in fact, first witnessed during the Trinity test 3 . The ability to perform these measurements indoors and outdoors has been demonstrated Figure 1 : Relative fluorescence yield for radiation-induced nitrogen scintillation due to ionizing radiation corrected for the atmospheric conditions in Albuquerque, NM by several researchers 7,2,1 . The literature has shown that several factors make ODR difficult in practice including a large natural and man-made background in the spectral region of interest, very low scintillation yield for air, and very low signal to noise ratios due to the limitations of the light collection equipment. However, in the last decade, groundbreaking improvements have been made in in digital cameras and optical filter technologies which make ODR technique much more feasible and attractive as an alternative to direct sensing methods.
State of the art digital cameras have been made more sensitive to UV through the use of back-illumination, thinned detector geometries and advanced thermoelectrically cooled chips. These technologies decrease the electronic noise and increase the quantum efficiency in the UV to over 60 percent is some cases. The ability to perform long exposures with high efficiency can overcome the challenge of a low scintillation yield. In addition to camera technology, optical filters can now be engineered to pass very narrow bands of light in the UV down to 5 nm and below with transmission efficiencies exceeding 90%. This allows for the reduction of background by several orders of magnitude and could potentially enable the ODR technique in full outdoor daylight.
Review of ionizing radiation and detection methods
Ionizing radiation takes several different forms, each with unique characteristics and challenges for Optical Detection of Radiation (ODR). Through natural decay or induced nuclear reactions by Radiation Generating Devices (RGDs) or nuclear reactors, radiation is produced and can be detected through direct means (ionized atom charge collection) or indirect means (observation of secondary phenomena caused by the radiation interaction). Traditionally, the former method is used in detector design. Radiation interacts with the materials to produce a charge which is collected and processed through electronics to qualify and quantify the radiation field. Some detector systems, however, rely on the detection of secondary phenomena produced by the radiation interaction. Most notably, scintillation is the process by which radiation produces optical emission by the excitation of atomic electrons in the media by in which it is deposits energy. Materials engineered to enhance their scintillation properties are placed in the radiation field and the light is collected off of them by photomultiplier tubes and processed electronically. ODR leverages this approach but instead utilizes the air itself as a scintillator
Alpha Radiation
Alpha decay is the process by which an alpha particle is emitted from a nucleus. Typically, alpha particles are ejected from the heavier radionuclides and are characterized by having a mass of 4 AMU and a charge of 2 + . These high-speed Helium nuclei deposit most of their energy in a very short distance. A few centimeters of air can effectively stop alpha particles. Since alpha particles stop in such a short distance of air the density of excited nitrogen molecules is large compared to other forms of radiation. The low external biological hazard and high relative dose rate to activity ratio make the optical detection of alpha radiation more straightforward when compared to the other forms and is a natural starting point to begin this research.
The dose in air from alpha sources drop off to background only a few centimeters from the surface of the source which creates hot spots in the image that provide high contrast with the optical background. This type of radiation is generally the easiest to detect and locate using the ODR imaging technique. However, alpha particles are very easy to shield which requires that the source material be unshielded in the optical path to be observed by ODR.
Beta Radiation
Beta radiation is the result radioactive beta decay of a nucleus. In beta decay a high energy, high speed electron or positron may be emitted from the nucleus in addition to a neutrino or anti-neutrino. Beta-minus decay (electron and antineutrino emission) occurs in neutron-rich radionuclides most commonly produced in the nuclear fission process. Beta-plus decay (positron and neutrino emission) occurs in proton rich radionuclides most commonly produced in photonuclear or accelerator-driven nuclear transmutation. Each type of beta decay results in the deposition of energy into the material by which the particles pass through. The primary interaction for beta particles is ionization, the dislodging of atomic electrons from their bound states. Secondary interaction processes such as the emission bremsstrahlung x-rays and Cherenkov radiation are also caused by beta particles.
Due to the nature of beta decay, particles are emitted in a spectrum of energies rather than discrete quanta like alpha and gamma radiation. Beta particles have an intermediate range in air when compared to other forms of radiation. Higher energy beta particles can travel several meters in air and are shielded by a few millimeters of plastic (low-z) material. Because beta particles more readily interact with matter, they produce a more concentrated dose in a region of space but not as dense as alpha particles due to the lower charge and mass of beta particles. Since beta radiation is emitted as a spectrum, the optical image of the dose may not be as clear-cut as alpha and gamma radiation since it will likely be in between the highly concentrated alpha dose and the broad gamma dose.
Gamma Radiation
Gamma radiation is the result of several decay modes in which a radionuclide de-excites by the emission of a photon from the nucleus. X-rays are the result of atomic de-excitation and are characterized by their emission from the electron orbitals rather than the nucleus. Gamma rays and X-rays interact with matter similarly by four major modes. The photoelectric effect, Compton scattering, pair production, and photonuclear reactions are the primary modes of photon interaction with matter. While different physically, each of these modes excite and/or ionize molecules. When compared with the other forms of radiation, gamma and X-ray radiation can travel much farther in air between interactions and energy deposition is spread out over much farther distances.
Using optical methods to detect this form of radiation is challenging since it is difficult to see contrast in an image of a broad radiation field. The method relies on the effect of geometry to create measurable contrast in images. For example, if a region of the image is more shielded than another, a contrast can be detected when compared to a region occupied by a more intense radiation field. Unfortunately, relying on geometry to produce contrast in an image requires some knowledge of source location so that the proper image regions can be evaluated to determine contrast.
Neutron Radiation
Neutrons are emitted from radionuclides through the process of nuclear reactions (induced by incoming particles) or by the process of spontaneous fission. Fission-produced neutrons are emitted as a spectra and are a natural result of the fission process. Incoming neutrons are absorbed by heavy nuclei which put them in a very unstable nuclear state in which they may split into two lighter, neutron rich nuclides, prompt gamma rays, and more free neutrons. The free neutrons and those as the result of the decay of unstable fission products are then available to produce more fissions, thus causing a chain reaction in the fissile (able to be fissioned by a zero energy neutron) material they pass through. Neutrons are neutral particles meaning they have no charge and they lose energy not by electronic interaction but by elastic and inelastic collisions with the matter they pass through. Neutrons have a similar range in air to gamma rays but are stopped through a process called moderation. Moderation is the process of slowing neutrons down by several inelastic collisions. These collisions can cause ionization, nuclear excitation, or absorption leading to nuclear transmutation. Once a neutron is moderated enough, it has a low enough energy to be captured by a nuclide. Transmutation is the process by which a nuclide is made into another by the absorption of a particle, typically a neutron. The resultant nuclide is typically unstable and thus, radioactive. Neutrons are traditionally detected through this process of transmutation The dose from neutrons is similarly broad like gamma radiation which may make it difficult to contrast on an image when the ODR technique is used. However, neutron moderator doped with neutron absorber material can be used to create regions of space free of neutron dose. This may be a useful technique in contrasting images of neutron dose. Furthermore, neutrons are extremely damaging to semiconductor materials. Neutrons can create defects in CCD chips which over time will yield to a less sensitive camera and permanently damaged pixels. Therefore, shielding is a very important factor in sensor design when neutrons are present.
Applications of Optical Detection of Radiation (ODR)
Radiation-induced nitrogen fluorescence can be used as a means of detecting the presence of ionizing radiation at distances much farther than conventional direct measurements. The UV photons created during nitrogen fluorescence have an attenuation length in air of approximately 2500 meters. The most penetrating radiation, gamma rays, have an attenuation length of only 150 meters. Thus, remotely sensing radiation by direct measurement is nearly impossible at distances farther than this. Optically detecting the long-range UV photons using state-of-the-art optics shows promise in improving the capability of stand-off radiation detection and has wide-reaching impacts to several health and safety as well as national security missions.
For example, long-distance remote detection can be used to perform quick radiation facility dose surveys instantly that often times take weeks of radiological work and/or thousands of dollars of dosimetry work to carry out. In facilities that process highly radioactive material for commercial use, hot particles or flecks can be generated that travel like dust particles across a room. These particles usually require direct surveys by health physics technicians to locate and recover but with the use of an ODR setup can be located instantly through imaging and recovered quickly, cheaply, and with minimal dose to the worker.
In addition to routine facility radiation surveys, the emergency response community can benefit from ODR. Following a release of radioactive material, it is critical to determine where the plume of material has deposited on the ground. Current methods involve aerial measurements that take hours to complete and require low-flying aircraft exposed to radiation dose. Applying ODR to this mission may allow for faster surveys and lower health risk to emergency responders.
Purpose and Research Goals
The purpose of the research presented here is to demonstrate the optical detection of radiation through the use of state of the art technology and unique radiation sources at Sandia National Laboratories with the goal of advancing the capability to quantify radiation dose fields. While the ability to perform qualitative ODR is well-established at Sandia, several challenges still remain in quantifying radiation dose and improving measurement sensitivity and accuracy. These include the presence of a large optical background in the region of interest, low signal to noise ratio, direct radiation strikes on the digital camera, and difficult optical paths to source material. Our research team is attempting to mitigate these challenges through the use of state-of-the-art technology, novel camera positioning techniques, and experimental design. This work will describe the techniques developed and present some of the data from measurements taken at Sandia National Laboratories. Each type of radiation will present its own challenge to the ODR technique and the research team attempted to discover the details of these challenges and makes attempts to overcome them.
DATA ACQUISITION AND IMAGE PROCESSING TECHNIQUES

Equipment
The Andor™ Technology iKon-M DU934P Series camera with a BU2 sensor was used for the experiments performed at Sandia National Laboratories. The camera, engineered for low light imaging has a 1 Megapixel, electronically cooled CCD chip on board that can be cooled to as low as -100 o C when operated with an external liquid coolant recirculator. This minimizes the dark current and in turn the background noise when imaging low light scenes. The BU2 sensor model is designed to maximize the quantum efficiency in the UV range. This sensor model's quantum efficiency in the region of interest (300 -400) ranges from 55 to 60%. The camera was operated with Andor Solis™ software which was automated using the built in AndorBasic macro language.
The lens attached to the camera was a UV-Nikkor 105mm f4.5 lens from Nikon. In front of the lens were several customengineered filters designed to pass only the UV lines of interest emitted from scintillated N2 molecules. Closest to the lens was a 25mm diameter transmissive sputtered UV filter designed to pass 360 nm with a full-width at half maximum of 5.5 nm. This filter, while specifically engineered to pass only the region of interest about 360nm passes light above 700nm. The light above 700nm is filtered out by placing a short-pass filter with a cut-off wavelength of 650nm. Combined, the light reaching the camera is effectively reduced to the narrow band about 360 nm which effectively captures the second most abundant N2 line at 357.5 nm. Prior to the experiments performed at the Annular Core Research Reactor, the Gamma Calibration Range, and the Neutron Calibration Range a scoping study was done to determine the best operating conditions to reduce image noise and maximize detection efficiency. Using a ~ 200 µCi Po-210 source enclosed in a dark box with the camera, lens, and filter equipment every permutation of the operating parameters listed in Table 1 were explored to determine the best operating conditions. Several important lessons were learned from the operating parameter experiment. 1.) The thermal noise of the camera outweighs the signal for any temperatures above -70 o C. 2.) As expected, the measurement sensitivity increases with acquisition time. An unexpected consequence of longer acquisition times was the significant impact of direct radiation interaction with the CCD chip due to natural background radiation. These hot pixels can skew results if they appear in an important place in the image (i.e. where the source is or where the known background is). 3.) Readout binning increases sensitivity but decreases resolution without adding extra noise to the image. However, binning can magnify the impact of hot pixels. Low acquisition time and low binning do not reveal the source. High binning values magnify readout noise at the edge of the image and pronounce the effect of direct chip strikes by background radiation. At time increases, so does the measurement sensitivity and the dose cloud due to the source is revealed in the image. As readout binning increases, the dosed region becomes much more pronounced. Eventually, the direct strikes effectively hide the dose cloud in the image by skewing pixel values. The overall lesson learned in this experiment was that acquisition time and readout binning need to be chosen to best reveal the dosed region of air and the settings will be situation dependent and rely heavily on the radiation conditions. Thus, camera shielding is absolutely necessary when measurements are performed in areas where the camera will be exposed to increased radiation levels. Optimum acquisition conditions are 1.) keep CCD as cold as possible 2.) Choose an acquisition time between 100 and 1000 seconds when camera is exposed to background levels of radiation 3.) Choose a readout binning of 2x2 to 8x8 to optimize sensitivity while avoiding high impact direct chip strikes skewing the image. 
Image noise reduction
Customized optical filtering
Some research has shown that by stacking identical filters in series background light leakage from the filter can be further reduced with minimal losses to transmissivity 7 . Several filters were tested using a halogen and deuterium lamp, a highly sensitive optical spectrometer and off-axis parabolic (OAP) mirror as a collimator. The OAP mirror ensured achromatic collimation of the light sources. The Ocean Optics spectrometer that was used is thermoelectrically cooled to increase efficiency and is coupled to the filter array through the use of high transmissivity optical fiber.
The spectrum of light passing through the filters were measured and absorbance and transmissivity were calculated for the spectrum. This data will help choose the best filter placement in the camera's optical path for future experiments. The goal of the experiment was to quantify the improvement in background reduction and loss in transmissivity of stacking filters in series.
The SP650, ET360BP10, and two identical ET360BP5.5 filters were tested in the assembly. The SP650 filter passes all light below 650 nm with nearly a 100% transmissivity. The ET360BP10 passes ~100% of the light +/-10 nm about 360 nm. The ET360BP5.5 filters pass ~100% of light +/1 5.5 nm about 360 nm. Figure 3 shows the resultant spectrum of each individual filter.
These results confirm the manufacturer specifications for the filters. The ET360 series filters indeed pass the light with near perfect transmission at the region of interest. The filters remove excess light from the spectrum by more than three orders of magnitude. This is very important for the ODR technique to be successful since optical signals are very low compared to ambient light. These results also reveal that the SP650 filter will effectively remove the bleed thru of the line-specific filters above 650 and not reduce the transmissivity at 360 nm a significant amount.
The experimental setup allowed for measuring up to two filters in series in the optical path. Two identical ET360BP5.5 filters were stacked in series and light from the lamp was passed through them. The purpose of this measurement was to evaluate the effect multiple filters has on the signal strength at the line of interest and the reduction in background in the other wavelengths. (Sand, et al., 2016) 7 showed that a nearly three order of magnitude reduction in background could be achieved by this technique. The first measurement shows that the decrease in transmissivity is negligible when two filters are used. Figure 5a shows how the signal from the filter pair compares to the signal from the single filter and the bare lamp. The two spectrum are nearly identical in intensity at the peak transmissive wavelength. Note that the shift in spectra may be due to a slight gain shift in the spectrometer between measurements and not a result of stacking the filters since other stacked filter tests did not show this effect.
Background reduction by the use of two filters was evaluated by taking the spectrometer to saturation for all wavelengths except those that are filtered the most. This way features in the background that are magnified. We believe that these measurements were taken at the upper limit of the spectrometers sensitivity and that the results, may not be able to be used to accurately quantify the true background reduction. However, the results in figure 5b show qualitatively that several lines in the spectrum that are leaked are effectively reduced by the second filter and that the overall background is indeed reduced by a significant amount. Future experiments will utilize the low-background camera equipment to attempt to quantify the amount of background reduction attainable when using multiple filters.
EXPERIMENTS
Measurements of a Po-210 static eliminator source
Easily acquirable Polonium-210 static eliminator sources proved to be great source material for evaluating this detection technique due to several characteristics. Po-210 is one of only a few pure alpha emitting isotopes that occur in nature. It is part of the uranium series decay chain. The pure emission of alpha radiation eliminates the need to consider the excitation produced by the interaction of gamma rays or beta particles in the images captured of these sources. Po-210 also has a relatively long half-life of 138 days making it usable for quite some time after acquisition. Compared with other alphaemitters with half-lives on the order of millions to billions of years, Po-210 has a high specific activity meaning that the radiation produced per gram of material is quite large. The commercially available sources are very economical and commonplace. These sources are ideal for performing quick measurements to optimize the ODR equipment and settings prior to a larger-scale test.
A common 200 µCi Po-210 static eliminator source clearly demonstrates the optical features that alpha radiation produces in air (See Figure 6) . The target shows that the radiation only travels 2-3 cm in air. The concentration of the dose drops off exponentially across this distance. The speckles in the image are due to direct strike on the CCD from cosmic rays and other terrestrial background radiation during the 1000 second acquisition. Because the dose is so concentrated, alpha radiation is expected to be the most easily detectable form of radiation for the ODR technique. In future experiments, these types of sources will be used to benchmark different ODR configurations, test image processing algorithms, and focus/align ODR setups in the field. 
Measurements of the Cs-137 Shepherd Irradiator at Sandia National Laboratories
The shepherd irradiator model 89-400 is typically used to produce a self-contained calibrated dose field for the purpose of calibration health physics instrumentation. The irradiator has a range of 100 µR/hr to up to 1,500 R/hr exposure rates. The system utilizes two Cs-137 sources that can be toggled individually behind several collimated shields to produce the desired exposure rate in the chamber. The Shepherd Irradiator has two port holes into the dose chamber (opposite side than the one shown in figure 7. ). The port holes provide a clear path into the irradiator for telescoping-type probes.
Since the port holes offer an unobstructed optical path to the dosed region of air, the shepherd provides a great opportunity to utilize ODR on a calibrated dose region across several orders of magnitude. While only preliminary scoping measurements of the Shepherd have been made to date, the team plans on utilizing this equipment to study the important factors in correlating image strength of an unknown source to the actual dose rate. Having a calibrated and adjustable source will be critical in determining the best approach to calibrating the ODR equipment.
To determine the feasibility of using this equipment, a measurement was made at the maximum achievable dose rate for the instrument. Given the current radioactivity of the sources inside the Shepherd, the maximum dose rate achievable is 609 R/hr. The camera was setup approximately 15 feet away and focused straight on with the port. The Andor iKon camera with Nikkor lens and SP650 and ET360BP5.5 filters were used. A 10-minute exposure with 4x4 binning was captured with room lights off and the chip at -90 o C. Figure 8 shows the alignment/focus image (left) and the filtered image (right). The ODR setup was very easily able to contrast the port hole against the background which shows that this equipment will be very useful in correlating image to calibrated dose rate in future measurements. 
Measurements of Yttrium foils irradiated at the Annular Core Research Reactor at Sandia National Laboratories
Beta radiation is a major contributor to the localized dose for many of the common source terms that may be encountered in the environment. Thus, it is important to study how ODR can be used to observe beta dose. To perform these measurements in a controlled environment, highly purified yttrium foils were irradiated with thermalized neutrons at the Sandia National Laboratories Annular Core Research Reactor. This reactor, designed for these such irradiations, was able to transmute stable Y-89 into radioactive Y-90 at a relatively fast pace that yielded enough material to be observed by the ODR equipment.
Y-90 is a pure beta emitter with a half-life of 64.1 hours. It decays to stable Zr-90 by emitting a beta particle with a maximum energy of 2.28 MeV. This isotope was chosen for its relatively low cost, low impurity content, relatively short half-life, and affinity for neutron absorption. Preliminary calculations showed that with a 15 min irradiation the foils could be activated to a total of 0.033 Ci. The predicted radioactivity of the activated foils would yield a dose rate in the thousands of R/hr which would be easily detected using the ODR equipment.
19 one-inch diameter foils were arranged on a Teflon backing and rolled into a cylindrical shape and placed into an aluminum irradiation can. The neutron flux was determined to be uniform across the region of space the filters occupied in the core. The foils were irradiated for 15 min at a low power in the core and transferred from the core to a holding area where short-lived byproducts in the materials were allowed to decay for 30 min. At a handling station with appropriate personal protective equipment and radiation controls, the foils were then removed from the can, rolled out onto a plywood base and lowered into a floor well. The ODR camera. Lens, and filter array were placed in a shielded, light-tight box on the floor above the well and aligned with a UV-coated turning mirror to image the foils at the bottom of the well. The standoff distance from the camera to the sources were approximately 9 feet. Figure 9 is a drawing of the experimental layout and the foil pattern on the source platform. Images of the foils were captured over several days as the material decayed to levels undetectable by the ODR configuration.
Several interesting features in the images of the irradiated foils were observed. First, the alignment with the mirror was not perfect and a portion in the corner of the image was actually looking away from the source beyond the turning mirror. This feature in fact proved to be very beneficial in determining the contrast of the image. Having a known background region in an image helps scale the image to determine the contrast to noise ratio of the actual source material. There was some edge blurring due to defects in the mirror coating. The nylon cord used to position the source platform at the bottom of the well appears to have either been excited by the radiation field, scintillating like the air around it, or simply reflecting the UV light into the camera as it clearly shows up in the images of the activated sources. This demonstrates the important fact that when using the ODR approach to detect ionizing radiation, the environment in which the source material rests can contribute to the image in unexpected ways. It is important to understand how the radiation interacts in the environment and to know as much as possible about the scene being imaged.
Most notably, the dose from the foils does not appear to be uniform as it does for alpha sources. It appears that the dose is much more concentrated on the edge of the foils. We postulate that the edges are brighter in the UV because the dose is more concentrated from low energy beta radiation leaving perpendicular to the foils edge. Low energy betas are stopped in only a few millimeters of air before interacting as opposed to the high energy betas that can travel several inches before ionizing a molecule. We observe a brighter ring around the foil because the contribution of high energy betas leaving perpendicularly is too diffuse to detect. We observe them in the bulk of the foil area simply because there is more source material in this plane than the edge. Figure 10 below shows these features in an early image of the irradiated foils.
This phenomenon may be a very important and in fact, useful feature of the ODR method. Edge effects causing bright features in the images may make hot-particle detection in elevated fields more achievable. In many real-world source terms, the radiation will likely be a mix of alpha, beta, and gamma radiation. Being able to detect small hot particles containing alpha and beta emitters in a large background of gamma dose will be very beneficial to several applications of ODR.
CONCLUSIONS AND FUTURE WORK
To date, Sandia National Laboratories has demonstrated the optical detection of radiation (ODR) of several different types and strengths of sources utilizing state-of-the-art camera, lens, and optical filter technology. To move towards the ability to make quantitative measurements of radiation dose, several acquisition settings were optimized to determine an appropriate operating range for field tests and optical filters were analyzed using a lamp source and optical spectrometer. These tests were done to confirm the manufacturer specifications and determine the effect of using a combination of several filters to improve background response and measurement sensitivity.
Taking the lessons learned from these laboratory experiments, the team utilized the ODR technique to image several unique sources across Sandia National Laboratories. This included the measurement of a Cs-137 powered instrument calibration source chamber, the Shepherd Irradiator model 89-400 at the Sandia Gamma Source Range (GSR) facility and irradiated yttrium foils from the Annular Core Research Reactor (ACRR). Both of these experiments showed great promise for future study. For example, the Shepherd Irradiator will be used to view lower and lower dose rates to determine the lower limit of detection for the ODR technique, a critical step towards quantitative measurement. Further data processing will Several areas of research are still needed to make ODR a more reliable and accurate quantitative measurement capability. These include 1) How can background be reduced to a manageable level in common operating environments such as room lights or sunlight? 2.) How does geometry, optical effect measurement efficiency? 3.) Do the different types of radiation scintillate at the same yield (17 photons/MeV)? In addition to these questions that must be answered, methods must be developed to quantify losses in efficiency due to the mirrors, filters, lenses, and cameras used in the ODR setup. Reliable methods to characterize the optics will allow researchers to develop systems with well-known response functions to sources
Furthermore, other sources of radiation at Sandia National Laboratories and abroad are in the planning stages of being imaged by the team's ODR setup. This includes the measurement of a National Institute of Standards and Technology (NIST) traceable Plutonium-Beryllium (PuBe) source at the Sandia Neutron Source Range (NSR), a high-voltage static eliminator probe, and a 40 mCi tubular Po-210 source used for air deionization. Ultimately the ODR technique will be field-demonstrated with live radioactive material.
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